ABSTRACT -The embryonic stem cell test (EST) is a validated in vitro method to assess the embryotoxic potential of compounds and is a promising tool for drug screening. EST requires microscopic observation of beating cardiomyocytes differentiated from embryonic stem cells as a toxicological endpoint. However, this process is time-consuming and lacks throughput performance. To improve the analysis, we introduced an electrophysiological method with a microelectrode array system for the evaluation of differentiated cardiomyocytes. Embryotoxic (valproic acid, verapamil, and 5-fluorouracil) and non-embryotoxic (penicillin G, d-camphor, and isoniazid) compounds were assessed with the system. Mouse embryonic stem cells were differentiated into cardiomyocytes and treated with each compound during the differentiation process. The embryotoxicity of each compound was then assessed by measuring the field potentials of differentiated cardiomyocytes using the microelectrode array system, as well as by microscopic evaluation. All the embryotoxic compounds dose-dependently inhibited the field potential formation and the myocardial beating of differentiated cells, while the non-embryotoxic compounds did not affect either endpoint. The detection capabilities of the two assay methods were similar. These results indicated that the field potential measurements can be used as an alternative endpoint of EST. Moreover, the field potential can be measured automatically, introducing a high throughput performance compared to the conventional microscopic observation. We therefore concluded that the endpoint analysis with the microelectrode array system improves the original EST and can be useful for the assessment of the embryotoxic potential of compounds.
INTRODUCTION
Various adverse effects of drugs have been reported since the 1950's, and efforts to avoid these side effects remain a great issue in drug development. Especially, embryotoxicity, the effect of inducing abnormality in developmental processes, is considered as one of the most severe adverse reactions. For example, thalidomide, originally developed as a hypnotic agent, was found to be embryotoxic to humans after its launch and caused severe drug-induced birth defects such as malformations of the hands and feet. Due to such serious effects, embryotoxic compounds have been withdrawn from the market or stringently restricted to the limited clinical indication. Therefore, it is important to assess the embryotoxic potential of drug candidates.
In the early stage of drug development, in vitro methods are more suitable than the traditional in vivo experimental methods in terms of cost and the amount of samples necessary to evaluate the embryotoxic potential of test compounds. Some well-known methods to evaluate embryotoxic potential in vitro include those using micromass culture or whole embryo culture (Brown, 1987; Brown et al., 1995; Spielmann et al., 2004; . However, both methods require embryos from experimental animals for the assays. Moreover, it is difficult to sustain exposure to a test compound throughout the entire period of organogenesis in these assays, because the micromass or cultured whole embryo cannot be maintained over 48 hr under the current technology.
Recently, examinations using embryonic stem cells (ES cells) have been reported as novel in vitro assay methods for the screening of embryotoxicity (Scholz et al., 1999; Pellizzer et al., 2005) . The embryonic stem cell test (EST) has been validated by the European Centre for the Validation of Alternative Methods (ECVAM) to assess the embryotoxic potential of compounds and its results are reported to correlate well with those of in vivo methods . In EST, the ES cells are exposed to a test compound throughout the entire differentiation stage and therefore the effects of the compound can be assessed throughout the period of organogenesis. Thus, it is thought that EST is suitable for in vitro early drug screening for embryotoxicity.
On the other hand, some serious problems have been noted for the original EST, especially in the area of sufficient throughput performance. The most serious problem of EST is mainly caused by its endpoint analysis. EST requires the microscopic observation of beating cardiomyocytes differentiated from ES cells as a toxicological endpoint. This microscopic observation is time-consuming and lacks throughput performance. To resolve the problem, several approaches to automate the endpoint assay were reported. These included the reporter gene assay (Bremer et al., 2001 ) and the biomarker analysis for differentiated cardiomyocytes Buesen et al., 2009 ). In the reporter gene assay, expression of the GFP gene driven by α-actin promoter was assessed automatically using a flow cytometer or fluorescence microplate reader. In the assays with biomarkers, expression of α-actin or myosin heavy chain (MHC) protein was stained with immunofluorescent antibody and automatically measured by the flow cytometry. However, neither method was suitable for high throughput screening, as the devices used for the analysis had limited throughput. Moreover, α-actin and MHC were not specific biomarkers for cardiomyocytes and their application as differentiation biomarkers in EST seemed questionable. Another attempt for the automation was reported (Peters et al., 2008) . In their method, differentiation process of ES cells was recorded in a video system and the beating of cardiomyocytes was automatically detected using image analysis. This method, however, required processing of large amounts of image data, which made it difficult to use the method in routine drug screening.
Recently, it was reported that the extracellular field potential of ES-cell-derived cardiomyocytes could be measured by a microelectrode array system (Banach et al., 2003; Satin et al., 2004; Kolossov et al., 2005; Reppel et al., 2005) . Cardiomyocytes are cells that beat spontaneously, and this beating is accompanied by an oscillation of the field potential. Therefore, beating cardiomyocytes can be found automatically by measuring the field potential with a microelectrode system. Based on the above findings, we selected the field potential as a parameter for the differentiation of ES cells into cardiomyocytes and tried to establish an alternative endpoint for EST.
MATeRIAlS AND MeTHODS

Cell culture
BALB/c 3T3 cells (3T3 cells, clone A31, ATCC No. CCL-163) were obtained from American Type Culture Collection (Manassas, VA, USA) and maintained in high glucose Dulbecco's modified Eagle's medium (DMEM, Invitrogen, Carlsbad, CA, USA) supplemented with 10% fetal calf serum (FCS, Invitrogen), 50 U/ml penicillin (MP Biomedicals, Solon, OH, USA), and 50 μg/ml streptomycin (MP Biomedicals). Mouse embryonic stem cells (ES cells, line D3, ATCC No. CCL-1934) were obtained from American Type Culture Collection and maintained in DMEM (Millipore, Billerica, MA, USA) supplemented with 15% fetal calf serum (Thermo Trace, Noble Park, VIC, Australia), 50 U/ml penicillin (Millipore), 50 μg/ ml streptomycin (Millipore), 2 mM glutamine (Millipore), 1% non-essential amino acids, 1% nucleosides, 1% β-mercaptoethanol, and 1,000 U/ml leukemia inhibitory factor (LIF, Millipore).
Test compounds
Valproic acid, verapamil, and 5-fluorouracil were selected as test compounds with known embryotoxic potential in vivo. Penicillin G, isoniazid, and d-camphor were selected as test compounds without embryotoxic potential in vivo. All chemicals were purchased from Sigma-Aldrich Corp. (Saint Louis, MO, USA). Each test compound was dissolved in dimethylsulfoxide (DMSO, Sigma-Aldrich). The final concentration of DMSO in culture medium was 0.5% (v/v). The concentrations of valproic acid, 5-fluorouracil, isoniazid, and d-camphor for the cytotoxicity assays were set from 500 to 0.015 μg/ml, those of verapamil were set from 1,500 to 0.05 μg/ml, and those of penicillin G were set from 1,000 to 0.03 μg/ml, with a dilution factor of 3 for all ranges of test compound solutions. The concentrations of each test compound for the differentiation assay were set based on the results of the cytotoxicity assay. um without LIF were applied to the wells. Each test concentration was tested in quadruplicate wells. After 2 days from the initial exposure to the test compounds, viability of the cells was determined by measuring the intracellular ATP concentration (Cell Titer-Glo Luminescent Cell Viability Assay, Promega, Madison, WI, USA). Cytotoxicity (IC 50 3T3 for 3T3 cells and IC 50 D3 for ES cells) was calculated from a concentration-response curve and expressed as the concentration inhibiting the cell growth by 50% compared to the respective control level.
Differentiation assay in the microscopic observation
ES cells were cultured with the hanging drop method (750 cells in 20 μl of droplets placed on the lid of a culture dish) (Day 0) and maintained for 3 days in the absence of LIF to allow differentiation. Several concentrations of each test compound were added to individual cell droplets. On Day 3, embryoid bodies (EBs) formed in the hanging drop culture were collected into low adherent culture dishes and maintained in the medium containing the test compound for 2 days. On Day 5, each EB was seeded separately into one well of a 24-well gelatin-coated culture plate so the cells could attach onto the bottom of the culture plate and differentiate into beating cardiomyocytes. One 24-well plate was used for each concentration of a test compound, and one plate for the vehicle control. On Day 10, differentiation from ES cells into cardiomyocytes was assessed by judging the presence of beating under microscopic observation. The incidence of wells (i.e. EBs) of each plate in which beating cardiomyocytes was developed was determined and compared to that of the vehicle control plate. The inhibition of differentiation (ID 50 ) was calculated from a concentrationresponse curve and expressed as the concentration of the test compound inhibiting the development into beating cardiomyocytes by 50%.
Differentiation assay in the field potential measurement using the microelectrode array system
Hanging drop culture and EB collection of ES cells were conducted as described above (Section 2.4). On Day 5, each EB was seeded separately into one well of a gelatin-coated chamber with a microelectrode array (MED Probe, MED-P545A, Alpha MED Scientific, Osaka, Japan). During the time from Day 5 to Day 10, EBs attached to the bottom of the chamber and differentiated into beating cardiomyocytes. A set of twelve chambers with microelectrode arrays was used for each concentration of a test compound, and a set for the vehicle control. On Day 10, differentiation of ES cells into cardiomyocytes was assessed by measuring the field potential with the microelectrode array system (MED64 system, Alpha MED Scientific). The incidence of chambers with the field potential formation was determined and compared to that of the vehicle control. ID 50 was calculated from a concentration-response curve and expressed as the concentration of the test compound inhibiting the development into beating cardiomyocytes by 50%.
Classification of the embryotoxicity
Classification of the embryotoxic potential of each test compound was calculated based on the 3 values, IC 50 3T3, IC 50 D3, and ID 50 (μg/ml), using with the prediction model proposed by ECVAM (Table1).
Statistical analysis
The concordance between determination by microscopic observation and by microelectrode array system was assessed by Fisher's exact test. A two-sided P value of < 0.0001 was considered extremely significant.
ReSUlTS
Cytotoxicity assay using 3T3 cells and eS cells
The cytotoxicity assay was conducted to determine the concentrations of the test compounds in the differentiation assay. Results are shown in Fig. 1 . In the groups treated with valproic acid, verapamil, and 5-fluorouracil, the cell viability of 3T3 cells and ES cells decreased dosedependently. In the groups treated with penicillin G, isoniazid, and d-camphor, the cell viability of 3T3 cells and ES cells did not decrease up to the highest dose.
The calculated IC 50 values in 3T3 and ES cells are shown in Table 2 . In the groups treated with verapamil and 5-fluorouracil, the IC 50 values of ES cells were smaller than those of 3T3 cells. In the groups treated with other compounds, the IC 50 values of ES cells were almost the same with those of 3T3 cells.
Concordance between determination by microscopic observation and by microelectrode array system
To confirm that the field potential reflects the actual beating of cardiomyocytes, we checked whether the assay chambers in which the beating cardiomyocytes were observed by microscopic observation correctly corresponded to the assay chambers in which the field potentials were detected by the microelectrode array. A few EBs cultured in the chambers with the microelectrode arrays were observed under the microscope on Day 10 after the initiation of the assay, and the field potentials were detected at the identical EBs. A typical example is shown in Fig. 2 . The concordance of results between microscopic observation and microelectrode array detection is shown in Table 3 . The determinations by microscopic observation and by the microelectrode array system assay were compared (Table 3 (A) ). Seventy-five of the 85 chambers assessed by the microelectrode array system were correctly judged as having or not having cardiomyocytes. Ten of the 85 chambers assessed by the microelectrode array system were falsely judged as not having cardiomyocytes. No chambers assessed by the microelectrode array system were incorrectly judged as having cardiomyocytes. Additionally, the correlativity of the microelectrode array system assay against microscopic observation was assessed (Table 3 (B) ). The predictivity for presence or absence of cardiomyocytes, precision for presence or absence of cardiomyocytes, and accuracy were 100%, 57%, 86%, 100%, and 88%, respectively. On the other hand, the concordance between determination by microscopic observation and by microelectrode array system was assessed by Fisher's exact test. There was a significant association between these methods（two-sided P value < 0.0001）. These data indicated that the field potential method reflected the actual beating of cardiomyocytes with about 90% of accuracy in comparison to microscopic observation.
Differentiation assay by microscopic observation and by field potential measurement
Three embryotoxic and 3 non-embryotoxic compounds were assessed for their embryotoxic potentials to ES cells by the microscopic observation and by the field potential measurement, and the results were compared. Results are shown in Figs. 3 and 4 . In both methods, valproic acid, verapamil, and 5-fluorouracil inhibited the differentiation of ES cells in a dose-dependent manner. On the other hand, penicillin G, isoniazid, and d-camphor did not significantly decrease the differentiation ratio in either method. The differentiation ratios for each compound assessed by the field potential detection were almost the same as those by the conventional microscopic observation.
ID 50 values were calculated based on the above results ( Table 4 ). The ID 50 values assessed by the field potential detection were almost the same as those by microscopic observation.
Classification of the embryotoxic potential
Results of the cytotoxicity and differentiation assays by microscopic observation and field potential measurement were combined, and each test compound was classified according to its calculated embryotoxic potential (Table  5 ). The classified categories in the present study were then compared with those shown in the ECVAM validation study as well as the classifications from the conventional in vivo studies. The classified categories predicted by the microscopic observation and by the field potential measurement were identical, and these categories also matched with the embryotoxic data in the ECVAM validation study. d-Camphor was predicted as class 2 in the present study while it was reported as class 1 in an in vivo study. This was the only compound for which the classification in the present study did not match with that in the conventional in vivo study (Table 5) .
DISCUSSION
Embryotoxicity is one of the most severe drug-induced adverse effects, and embryotoxic compounds have been withdrawn from the market or their clinical indications have been restricted. Therefore, it is very important to select embryotoxicity-free candidates in drug development. In the early drug development stage, an in vitro assay system is preferably used for screening, and to date there are several in vitro methods to detect the embryotoxicity of compounds. These include methods using micromass culture or whole embryo culture. Recently, EST has been developed as a convenient and promising in vitro method for the screening of embryotoxic compounds. EST does not require embryos for the assay, and therefore it has a great advantage over micromass and whole embryo cultures. The conventional EST, however, has some tech- The values of ID 50 assessed by microscopic observation and the microelectrode array system assay were calculated from the concentration-response curve in the differentiation assay using ES cells.
Vol. 35 No. 5 624 nical problems for routine screening. The most important problem lies in the manual analysis of its differentiation assay. This process requires laborious and time-consuming microscopic observations that hinder its throughput performance. Recently, it was reported that the spontaneous extracellular field potential of ES-cell-derived cardiomyocytes could be measured by microelectrode array systems. Spontaneous extracellular field potential is considered as a specific endpoint to identify cardiomyocytes, because cardiomyocytes are the only cells that generate a spontaneous extracellular field potential. Moreover, the field potential can be assessed automatically with a microelectrode system. However, application of field potential measurement has so far been limited to the establishment of an in vitro cardiotoxicity screening method and no attempt to apply the field potential measurement to EST as an endpoint of cardiomyocyte differentiation has been reported. Based on the above findings, we tried to establish an endpoint analysis by measuring the field potential in differentiating cardiomyocytes as an alternative method to the conventional microscopic judgment. Initially, we tested whether the field potential reflected the actual beating of cardiomyocytes. The assay chambers in which the beating cardiomyocytes were observed Fig. 2 . Confirmation of the beating cardiomyocytes and the extracellular field potential. Fig. (A) shows an EB cultured on the microelectrode array assay chamber on Day 10 after the initiation of the assay. An EB is attached to the bottom of the chamber with electrodes. Fig. (B) shows an example of the extracellular field potential. Square areas on the measurement screen correspond to electrodes in the chamber. The circles indicate areas in which field potential generation was detected. The star symbols indicate the areas in which the beating of differentiated cardiomyocytes was observed.
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Microscopic observation
Microelectrode array system assay Microscopic observation
Microelectrode array system assay Microelectrode array system assay by microscopic observation were compared to the assay chambers in which the field potentials were detected by the microelectrode array. About 90% of the assessed chambers were correctly judged about the presence or the absence of cardiomyocytes by the microelectrode array system, in comparison to the microscopic observations. These results suggested that the field potential measurements can be used as an alternative parameter to the conventional microscopic examination. In the next step, we assayed 3 embryotoxic and 3 non-embryotoxic compounds by EST using the two endpoints, the conventional microscopic observation and the field potential detection, and compared the results. All the embryotoxic test compounds dose-dependently inhibited the field potential formation as well as the visually detectable myocardial beating of differentiated cells. The differentiation rates assessed by the two endpoints were almost identical at each dose of each test compound. The non-embryotoxic test compounds did not affect either endpoint. The differentiation rates assessed using the two endpoints were also almost the same at each dose of each test compound. The ID 50 values and the classified categories of each compound assessed using both endpoints matched well with each other. The classifications of the test compounds determined in the present study were parallel to those in the ECVAM validation study and those in conventional in vivo studies. These results suggested that the field potential measurement had similar sensitivity to the conventional microscopic method.
The field potential can be measured automatically by using a commercially available microelectrode array system. This automatic analysis accelerated throughput and assay performance by 2-fold.
The reporter gene assay, flow cytometry assay, and image recording assay were reported as attempts to automate the endpoint assay of EST. However, the specificity of the indicator molecules (α-actin and MHC) is questionable in the reporter gene and flow cytometry assays, as those molecules are expressed not only in cardiomyocytes but also in other types of cells. The image recording assay requires a large amount of data processing of live video recording, restricting rapid analysis. In contrast, unlike the reporter gene and flow cytometry assays, the microelectrode array system can directly detect the differentiation into cardiomyocytes by measuring the spontaneous extracellular field potential. This system requires only a small amount of data processing as compared to the image recording assay. Therefore, it is considered that the field potential measurement assay is adapted for embryotoxicity screening from the viewpoints of the differentiation specificity to cardiomyocytes and the efficiency of data processing.
In the present study, we demonstrated that incorporation of field potential measurement made EST a more convenient assay method, with increased throughput performance. If we can develop a multi-channel and multi-well microelec- trode device for the field potential detection, the throughput of EST will be dramatically improved. That advancement would help us screen the embryotoxicity of compounds at a very early stage of drug development and promote the development of a embryotoxicity-free compounds.
